One contribution of 9 to a Theo Murphy meeting issue 'Higgs cosmology' .
We test the Higgs dilaton inflation model (HDM) using the latest cosmological datasets, including the cosmic microwave background temperature, polarization and lensing data from the Planck satellite (2015), the BICEP and Keck Array experiments, the type Ia supernovae from the JLA catalogue, the baryon acoustic oscillations from CMASS, LOWZ and 6dF, the weak lensing data from the CFHTLenS survey and the matter power spectrum measurements from the latest SDSS data release. We find that the values of all cosmological parameters allowed by the HDM are well within the Planck satellite −20 000 (at 95.5% c.l.). We find that the HDM is only slightly better than the w 0 w a CDM model, with χ 2 = χ 2 w 0 w a CDM − χ 2 HDM = 0.18. Given that the HDM has two fewer parameters, we find Bayesian evidence favouring the HDM over the w 0 w a CDM model. We also study the critical Higgs inflation model, taking into account the running of both the self-coupling λ(μ) and the non-minimal coupling to gravity ξ (μ). We find peaks in the curvature power spectrum at scales corresponding to the critical value μ that reenter during the radiation era and collapse to form a broad distribution of clustered primordial black holes, which could constitute today the main component of dark matter.
This article is part of the Theo Murphy meeting issue 'Higgs cosmology'.
Introduction
Physics has often been successful in relating apparently different phenomena into a common, unifying (a) Non-minimal standard model coupling to general relativity
The simplest models of inflation compatible with Planck (2015) data are those sourced by a single scalar field, and one may be tempted to identify such a field with the only fundamental scalar particle found, the Higgs boson h. Such models, minimally coupled to gravity, are not compatible with electroweak experiments [10] . One possibility is to introduce a new massless scalar degree of freedom, hereafter called the dilaton χ . Neglecting the SM contributions, the SI extension for the SM plus GR including the dilaton is [1] 
where the scalar potential is which simplify greatly if β = 0, a parameter that determines whether space-time is flat (β = 0), de Sitter (β > 0) or anti-de Sitter (β < 0) for a particular scalar curvature R whose sign is controlled by β. Note that the solutions for χ 0 = 0 spontaneously break scale invariance, and so all induced scales are proportional to χ 0 . In particular, the three SM-induced scales are [ One may worry how the introduction of a new scalar degree of freedom would alter the SM phenomenology, but, as shown in [11] , the dilaton completely decouples from all SM fields except for the Higgs (to which it is only coupled through Planck-suppressed terms of order α ∼ ξ χ m 2 h /M 2 P 1). This means that the dilaton does not alter the low-energy SM phenomenology, thus making the HDM a viable effective field-theory extension of the SM and GR that passes all the particle physics and Solar System tests. −Ũ(h, χ ), (1.8) whereK is a non-canonical kinetic term,K = γ abg μν ∂ μ φ a ∂ ν φ b , where γ ab is in general a nondiagonal, non-canonical metric in the space of fields,
(b) From the Jordan to the Einstein frame
andŨ(h, χ ) is the scalar potential
It is then straightforward to find the classical ground states for α, λ, ξ χ , ξ h > 0. We do so first by finding them for the case where there is no cosmological constant Λ 0 , which in any case is very small, and second by observing in them the effect of a non-zero cosmological constant.
For Λ 0 = 0, the theory reduces to equation (1.1), and the potential is minimal along the two valleys
The effect of a non-zero Λ 0 is to give the valleys a tilt, which breaks the degeneracy of the classical ground states, which are no longer flat. Therefore, Λ 0 > 0 does not play the role of a 1 A tilde on a quantity indicates that it is expressed on the Einstein frame, whereg μν = Ω 2 g μν and cosmological constant but rather gives rise to a run-away potential for the scalar fields. Moreover, if β = 0, DE does not contain a pure-constant contribution and is entirely generated by the term proportional to Λ 0 . This latter condition on β is assumed for the rest of the paper.
(c) Overview on Higgs dilaton cosmology
We will now proceed to describe the main features of the HDM.
-Inflationary era. If the initial conditions of the scalar fields are far away from the potential valleys, they will roll slowly towards one of them. Λ 0 can be safely neglected as it is yet very small. This SR of the fields is responsible for inflation, which, being driven by the Higgs field, is much like the case of the HDM model in [5] . The era of inflation is eventually terminated by the reheating phase described in [6] . -Preheating phase. After inflation, the scalar field dynamics is dominated by the field h. The gauge bosons created at the minimum of the potential acquire a large mass and start to decay into all of the SM particles. The fraction of energy going into SM particles is as yet small, so non-perturbative decay is slow [6] . -Reheating phase. After some time, the amplitude of the oscillations becomes small enough that the gauge boson masses become too small to induce a quick decay, and their occupation numbers start to grow rapidly via parametric resonance. Then the gauge bosons back-react on the Higgs field and preheating ends. From there on, the Higgs field as well as the gauge fields decay perturbatively until their energy is transferred to SM leptons and quarks. -DE era. After preheating and reheating the scalar fields satisfy equation (1.11) with β = 0, and remain virtually static for most of the present Universe history. The energy contained in the h(t) and χ (t) fields stays almost unchanged, fixed at a given value by Λ 0 . Eventually, it dominates the energy budget of the Universe as it scales with Ω Λ ∝ a 0 while radiation and matter energy densities scale with Ω r ∝ a −4 and Ω m ∝ a −3 , respectively.
The next two sections will describe the HDM phenomenology of the inflation and DE era in detail.
Higgs dilaton inflation model: implications for the early Universe
Here we discuss the HDM predictions for the inflationary era. During inflation, all the energy of the Universe was contained in the inflaton and the gravitational fields, so one can readily neglect the SM fields in the Lagrangian,L SM[λ→0] → 0. In the Einstein frame (equation (1.8)), one is left with the scalar-tensor part, withŨ(φ) =Ṽ(φ) +Ṽ Λ 0 (φ), where we have expressed the Higgs and dilaton fields in a vector manner, for brevity φ = (h, χ ).
As inflation only takes place in the SI region of the potential, one can neglect the scale invariance-breaking term Λ 0 . In the Einstein frame, as the metricg μν is SI by definition, scale transformations do not act on it and thus δg μν = 0. This allows us to redefine the fields as φ = (ρ, θ ), which, in terms of the original fields φ = (h, χ ) [2] , are
and .2) it is clear that θ can be interpreted as the argument of the field vector φ. One may tentatively refer to these new variables as 'polar fields' and we will do so throughout the rest of the paper.
(a) Evolution equations for the background
We now proceed to study the field trajectories during inflation in order to link the couplings of the theory with inflationary quantities. In a Friedmann-Lemaître-Robertson-Walker (FLRW) background,
and, following [2] , the Friedmann and Klein-Gordon equations can be written, with co-moving time expressed in terms of the e-fold parameter N = ln a(t), as 2
We will solve this equation in the SR formalism.
(i) Slow roll parameters
In the HDM, inflation occurs due to a phase of SR of the scalar fields over an almost-flat potential long before the fields reach one of the potential valleys. It is then convenient [12] to define the SR parameter and the SR vector η as 6) where the vector notation is introduced due to the presence of more than one field in the model. Inflation ends when the SR parameters cease to be smaller than unity or a phase transition occurs. Imposing the SR conditions, in terms of the number of e-folds, the Friedmann equations (2.4) and Klein-Gordon equation (2.5) can now be rewritten as
giving the evolution of the field vector φ.
(ii) Background trajectories
Let us discuss the regions in the (h, χ )-plane for which the approximate SR conditions hold. The initial conditions for the trajectories must be chosen in the SR region; the shape of the potential equation (1.10) attracts all trajectories to one of the potential valleys, and the roll starts. Some trajectories will leave the SR region by reaching a steeper part of the potential valley and oscillate strongly around its minimum, allowing for a reheating phase to take place before settling in the potential valley. As reheating is a necessary component of any viable theory of inflation, it is this class of trajectories to which we adhere for the rest of the analysis, constraining the initial conditions of the fields. For these trajectories, and in terms of the polar redefinition of the fields (ρ, θ) of equations (2.1) and (2.2), the SR equations for the scalar fields equation (2.7) become
As a consequence of scale invariance, the second scalar field equation in equation (2.8) does not depend on ρ 0 but only on θ . This ensures that there are no entropy perturbations in this model that may produce isocurvature fluctuations at re-entry [13] , which is quite positive for the HDM model as they are strongly constrained by the Planck satellite (2015 data release) [14] .
Integrating equation (2.8) up to the end of inflation, that is, from θ to θ end , the number of e-folds is
where θ end can be determined by finding its value when
(b) Linear perturbations on the background
We will now calculate the scalar P s (k) and tensor P t (k) power spectra of perturbations from the evolution of the Higgs and dilaton fields, h and χ . This evolution is encoded in the SR parameters and η, which ultimately depend on the theory couplings ξ h / √ λ and ξ χ . We make use of the theory of cosmological perturbations emerging from quantum fluctuations during inflation, developed, among others, by Mukhanov et al. [15] . Including scalar and tensor perturbations, and choosing the Newtonian transverse traceless gauge, the metric can be expanded in scalar (curvature) and tensor (gravitational waves; GWs) perturbations,
where Φ and Ψ are the Bardeen potentials [16] . Vector perturbations (vorticity) are not considered as they decay rapidly during inflation.
To compare the HDM with CMB observations, let us start with the power spectrum of the primordial scalar perturbations [16, 17] . The comoving curvature perturbation is ζ ≡ Ψ − (H/Ḣ)(Ψ + HΦ). It can be shown [13, 18] that ζ is conserved outside the horizon if inflation takes place in the SI region, just like in the single-field inflation scenario.
By making use of the SR formalism, the amplitude A s (k) of the scalar power spectrum, P s (k) = A s (k/k 0 ) n s −1 , can be expressed as [15] A s (k) 1 12) where quantities with an asterisk are evaluated at the moment of horizon crossing, that is, when aH = k 0 . The scalar spectral index n s (k) is given by 3
and the running of the spectral index α s (k) can be expressed as The amplitude A t (k) of the power spectrum of the primordial tensor perturbations P t (k) = A t (k/k 0 ) n t can be written as
which gives a tensor spectral index n t (k)
while we neglect the running of the tensor spectral index
Finally, it can be easily seen that the ratio of the tensor and the scalar spectra to first order in SR is given by
which gives a consistency condition, a relation that holds for the vast majority of single-field inflationary models in the SR approximation, at least to the first non-trivial order.
(c) Cosmic microwave background constraints on parameters and predictions
Here we relate the observables of the CMB with the model couplings, via the primordial spectra.
As the whole period of observable inflation takes place in the SI region of the potential, we can use the background trajectory equations (2.9) and (2.10) and directly compare them with the primordial spectra calculated in equations (2.12) and (2.15), and measured in the CMB, while assuming that during inflation entropy (isocurvature) perturbations are not excited, owing to scale invariance [2] . We start by computing the spectral quantities P s (k 0 ), n s (k 0 ), α(k 0 ) and r(k 0 ) evaluated at the pivot scale k 0 , in terms of the HDM couplings ξ χ , ξ h and λ. First, we start by parametrically solving equation (2.10), giving the final state of the field θ end at the end of the inflationary period, as a function of the HDM couplings. Second, the field θ end is inserted into equation (2.9), parametrically solving as a function of the HDM couplings and obtaining θ * , the state of the field at the moment when the modes k 0 exit the horizon during inflation. Third, the spectral quantities in equations (2.12), (2.13), (2.14) and (2.17) are evaluated at θ * to find the spectral quantities P s (k 0 ), n s (k 0 ), α s (k 0 ) and r(k 0 ), as functions of the HDM couplings, and N * , the number of e-folds between the moment when the modes k 0 exit the horizon and inflation ends. Finally, N * is expressed as a function of the HDM couplings, in order to check whether the model is able to provide a number of e-folds large enough that the horizon, homogeneity and relic problems of w 0 w a CDM are solved.
Before we start, however, it can be shown that the number of e-folds roughly corresponds to
where rh is the energy density at reheating. It has been found in [6] that reheating in Higgs inflation is very efficient, and henceforth we take the approximation that a negligible number of e-folds occur during the reheating phase-that is, we consider the case on instantaneous reheating [2] -at θ end . Then, rh =Ṽ(θ end ), and one thus has ξ χ 10 −3 and ξ h / √ λ ∼ O(10 4 ). With these bounds in mind, one can safely neglect second-order terms in ξ χ , in 1/ξ h and, as will be seen later, also in 1/N * (equation (2.22) ).
Moving on to the explicit computation of the spectral parameters in terms of these couplings, let us follow the above four steps. Solving equation (2.10) up to first order in ξ χ and 1/ξ h , one obtains that the state of the field θ at the end of the inflationary period is θ end = 2 × 3 1/4 ξ χ . Solving equation (2.9) up to first order in ξ χ and 1/ξ h , the state of the field θ, as a function of the number of e-folds at the moment of horizon crossing, is θ * arccos(exp −4ξ χ N * ). To evaluate the spectral observables A s (k 0 ), n s (k 0 ) and α s (k 0 ), we insert θ * into the definitions of the spectral quantities given in equations (2.12), (2.13) and (2.14), and the consistency condition (2.17) , to obtain
One can see that, in this approximation, α s (k 0 ), r(k 0 ) and n t (k 0 ) are related by
which can be interpreted as a new consistency condition for the HDM that is specific to this inflationary theory. In order to find N * in terms of the parameters of the theory, we insert θ * into equation (2.18), giving the approximate result Note that this extra relativistic degree of freedom could in principle add to the effective number of light degrees of freedom in the Universe. This would affect the Big Bang nucleosynthesis (BBN) ratios for the observed element frequencies, and lay waste to one of the more accurate predictions of w 0 w a CDM. However, it can be shown that this is not the case as just after reheating ends the dilaton energy density is of order O(10 −7 ), i.e. it is virtually negligible, so it no longer contributes to the effective number of light degrees of freedom, as shown in [3] .
Higgs dilaton inflation model: implications for the late Universe
In this section, we show that the dilaton is a good candidate for quintessence (QE), that is, a dynamical DE candidate, and provide testable relations between CMB observables and the DE equation of state parameter.
After the phase of reheating, the system enters the radiation-dominated stage, at the beginning of which the total energy density is given by rh ; see equation (2.23) . At this moment the scalar fields have nearly settled down in one of two potential valleys, h(t) 2 (α/λ)χ (t) 2 . One could further redefine the polar variables introduced in equations (2.1) and (2.2) bỹ as a simple function ofθ and the scalar curvature perturbation ζ
We assume that the fields roll exactly at the bottom of the valley. In this case,θ is time independent, and inserting the constraint (3.2) in the Einstein frame Lagrangian (1.8),
where V QE (ρ) is thawing the QE-like potential [1]
of the run-away kind that allows the dilaton field to play the role of a dynamic DE. For an interesting discussion of thawing and freezing DE models and a comparison between various parametrizations, see [19] . Let us now discuss in more detail the influence of the fieldρ on standard homogeneous cosmology. In the FLRW metric, the equation of motion for the homogeneous dynamic fieldρ(t) is given byρ + 3Hρ + dV QE /dρ = 0. The equation of state parameter w i of any perfect fluid 'i' is w i ≡ p i / i , and so for the scalar fieldρ it is
and thus the equation of motion of DE can be more compactly written as˙ QE = −3H QE (1 + w QE ). Also, for a barotropic fluid of energy density b , the Hubble parameter is given by the first Friedmann equation as H 2 = ( b + QE )/(3M 2 P ); in terms of the relative abundances Ω i = i /(3M 2 P H 2 ) for a perfect fluid 'i' can be written as the cosmic sum rule Ω m + Ω QE = 1, for flat space, neglecting the radiation and neutrino contributions.
It is useful to rewrite these equations in terms of the DE energy density, Ω QE , and deviation from pure cosmological constant parameter, δ QE ≡ 1 + w QE . The scalar field evolution equation and the Friedmann equation can then be written as
and
Defining δ i ≡ 1 + w i , where the sub-index 'i' stands for any barotropic fluid, be it radiation 'r' or matter 'm', it follows immediately that radiation has p r = ρ r /3 ⇒ w r = 
. In [20, 21] , it is shown that, for 0 ≤ δ b ≤ 2, the field trajectories approach one of two different attractor solutions. Which of these two depends on the value of γ : if 4γ > √ 3δ i , the field evolution is driven towards a stable fixed point Ω QE = 3δ i /16γ 2 with δ QE = δ i . In this case, the scalar field can only account at best for a small contribution to DE as it gives rise to a baryon-like equation of state parameter, w QE γ > √ 3δ i /4 = 1. If 4γ < √ 3δ i , the field evolution is driven towards a different stable fixed point Ω QE = 1 with δ QE = 16γ 2 /3. The scalar field can in this case describe the latetime acceleration of the Universe as it develops an equation of state parameter w QE γ < √ 3δ i /4 = 16γ 2 /3 − 1, less than − . It was found in §2 that the HDM is able to describe inflation as long as the coupling of the dilaton field to gravity is much smaller than unity, i.e. ξ χ 10 −2 , so that cosmological trajectories are ensured to approach the second attractor, and accelerated expansion of the Universe is bound to occur. 
(a) Dark energy constraints on parameters and predictions
We now proceed to give the explicit dependence of the equation of state parameters and the couplings of the theory, just as in the previous section, where the same was done for the scalar and tensor power spectra. It was shown in §1a that, for the case where the potential in equation (1.10) had β = 0, all of the DE would consist of theρ scalar field energy density and be analogous to QE, while for the case with β = 0 DE would have an additional contribution from the cosmological constant term, Λ 0 . In this paper no distinction is being made, however, between QE and DE, as we are operating under the first assumption, and for the rest of the analysis we switch from 'QE' to 'DE' as the corresponding label for QE/DE observables.
The inflationary era is followed by the radiation-and matter-dominated eras. During this epoch, the second term on the right-hand side of equation (3.6) is small compared with the first one: δ DE is set at an equation of state parameter virtually indistinguishable from a pure cosmological constant, w DE −1, yet it is of low energy density. However, as the energy density of QE barely decreases over time, Ω DE eventually becomes relevant. It is then when the scalar fieldsρ start to roll faster down the potential valleys and δ DE starts to grow towards its attractor value, driving the accelerated expansion of space.
Note that while the Universe is not yet purely QE dominated, δ DE 1, equations (3.6) and (3.7) yield (for a detailed calculation, see [22] ) 3δ DE 16γ 2 F 2 (Ω DE ), where
increasing from F(0) = 0 in the radiation and matter eras to F(1) = 1 when QE becomes fully dominant. Note that we are finally able to link the inflationary quantities with DE observables, and it can be shown in particular that, for ξ χ 10 −3 , then also δ DE 10 −2 .
(b) Constrain relations between the early and late Universe observables
We finally arrive at the point where three expressions, one linking first-order parameters w 0 DE and n s (k 0 ), another linking second-order parameters w a DE and α s (k 0 ), and the last one linking r(k 0 ) and w 0 DE , are deduced. These can be understood as consistency checks on the model, as they put very stringent bounds on the predicted values of r(k 0 ) and w 0 DE , respectively (figure 1).
(i) First-order consistency relations
We can test the constraint relation between the scalar spectral index n s and the equation of state parameter w 0 DE as they both depend on ξ χ , for a given number of e-folds N inf . Let us then find the explicit relation between these magnitudes. One can write the scalar tilt n s as a function of the QE equation of state parameter δ DE and the number of e-folds N inf , 9) where the function G(Ω DE , δ DE ) is defined as at horizon re-entry, that is, when k 0 = a * H. Note that the last equation, being a relation between the very small and the very big scales, implies a linear relation between the deviations from scale invariance in n s and the deviations from the pure cosmological constant DE equation of state parameter δ DE , which can be understood as a consequence of scale invariance.
(ii) Second-order consistency relations
We can also test a constraint relation involving second-order quantities: the running of the scalar spectral index α s , the equation of state parameter w 0 DE , and its running with the scale factor, w a DE , again as they both depend on ξ χ , for a given number of e-folds N inf , 4
which for the case where δ DE → 0 reduces to α s → 0, which can also be considered as a consistency check for the theory, albeit a second-order one, whose testability, however, may still have to wait 4 We for a longer time than for the first-order case as they are as yet very poorly constrained. Also, in a similar manner, we have the equivalent relation for the second-order quantities
at horizon re-entry, that is, when k 0 = a * H. This is again a non-trivial result that, just as in the case of the first-order relation, may be understood as a consequence of scale invariance (table 1) .
(iii) Constraints on the tensor-to-scalar ratio
There is an additional constraint for the tensor-to-scalar ratio arising from equation (2.20) , which, in terms of the energy density and equation of state parameters of DE, reduces to r = 12 14) which for the case where δ DE → 0 reduces to r → 12/N 2 inf . Note that the value of the tensor-toscalar ratio r will very rapidly go to zero for a sufficiently large number of e-folds, and, indeed, considering the previously found value of N inf 60 and Planck satellite (2015 data release) best fit values for parameters Ω DE and δ DE , it can be easily checked that the HDM prediction for the tensor-to-scalar ratio is indeed extremely constraining, at r 10 −2 ; this is a very interesting feature of the theory that may be tested in the not too distant future. Finally, we present the 68.3% and 95.5% confidence contours for ξ χ and ξ h / √ λ in figure 2 . As can be seen, there is significant improvement over the predictions of the confidence intervals with respect to [2] .
To summarize this part of the work on the HDM, we have found that the HDM is a viable extension of the SM, based only on scale invariance and a non-minimal coupling to UG, and is able to produce an early Universe period of inflation, as well as explaining the present era of accelerated expansion. We have compared this model with the cosmological constant (ΛCDM) and evolving DE (w 0 w a CDM) models, by using the latest cosmological data, which include the CMB temperature, polarization and lensing data from the Planck satellite, the BICEP and Keck Array experiments, the type Ia supernovae from the JLA catalogue, the baryon acoustic oscillations and, finally, the weak lensing data from the CFHTLenS survey, by implementing the model constraints in COSMOMC, a Markov chain Monte Carlo code.
Note that the relations between the observables from inflation, n s and α s , and from the DE era, w 0 DE and w a DE , are very specific predictions of the model that connect two seemingly independent epochs, and establish a measurable relation between observables from CMB anisotropies with the largely unknown DE sector.
We found that the values of all cosmological parameters allowed by the HDM are well within the w 0 w a CDM constraints. In particular, we found that w 0 DE = −1.0001 −0.0016 (95.5% c.l.). We also placed new stringent constraints on the couplings of the HDM to gravity and found that ξ χ < 0.00328 and ξ h / √ λ = 59200 +30 000 −20 000 (95.5% c.l.) ( figure 1 and table 1 ). All of these are very relevant predictions of the model that may soon be confronted with observational data by DES, PAU and Euclid.
Furthermore, we have found that the HDM is on a slightly better footing than the w 0 w a CDM model, as they both have practically the same χ 2 , i.e. χ 2 = χ 2 w 0 w a CDM − χ 2 HDM = 0.18, but the HDM model has two parameters fewer and, finally, there is Bayesian evidence favouring the two models equally.
Critical Higgs inflation, cosmic microwave background and particle physics
The first direct detection of GWs by LIGO has initiated a new era of astronomy [23] and opened up the possibility of testing the nature of dark matter (DM), especially if its dominant component is primordial black holes (PBHs) [24] [25] [26] . These massive black holes could have arisen in the early Universe from the gravitational collapse of matter/radiation on large-amplitude curvature fluctuations generated during inflation [27, 28] . All that is required is an ultra-SR period (i.e. a plateau feature in the potential) during which the inflaton quantum fluctuations get amplified and produce a peak in the spatial curvature power spectrum [29, 30] . The mass and spin distribution of the subsequently produced PBH then depends on the details of the inflationary dynamics. Its detection and characterization by LIGO, VIRGO and future GW detectors will allow us to open a new window into the physics of the early Universe. The nature of the inflaton field responsible for the initial acceleration of the Universe is still unknown. Observations of the temperature and polarization anisotropies in the CMB suggest a special inflaton dynamics, dominated by a flat plateau on large scales [31] . Such potentials arise naturally in models of Higgs inflation [32] , where the scalar field responsible for inflation is the Higgs boson of the SM of particle physics, with its usual couplings to ordinary matter (gauge fields, quarks and leptons), plus a new non-minimal coupling ξ to gravity. This economical scenario not only passes all Solar System and CMB observational constraints, but also predicts a small tensor-to-scalar ratio and a large reheating temperature [33] .
It has recently been realized [34, 35] that the running of the Higgs self-coupling to large energy scales, via the renormalization group equations (RGEs) within the 2σ SM values, could lead to a critical point φ c = μ, with λ(μ) = β λ (μ) = 0, where λ(φ) has a minimum ( figure 3 ). This induces an extra feature in the inflationary potential that could lead to a brief plateau of ultra-SR conditions at scales much smaller than those of the CMB, giving rise to a large peak in the matter power spectrum, and thus to copious numbers of PBHs.
We explore here the critical Higgs scenario, taking into account both the RGE running of the Higgs self-coupling and its non-minimal coupling to gravity [37] . The action of the Higgs inflaton model is given by around the critical point φ = μ. After standard metric and scalar field redefinitions (κ 2 ≡ 1),
the effective inflationary potential becomes The potential also has a short secondary plateau around the critical point, φ μ, where the Higgs inflation suffers ultra-SR and induces a large peak in the curvature power spectrum. This second plateau is induced by a near-inflection point at x = x c , where V (x c ) 0, V (x c ) 0. As a consequence, the number of e-folds has a sharp jump at that point, N, plus a slow rise towards larger field values, corresponding to CMB scales. The potential and power spectrum are very similar to the one discussed in [29] . 5 Following this reference, we have computed the full scalar field evolution (beyond the SR approximation), as well as the tensor-to-scalar ratio, the scalar spectral index and its running at CMB scales, together with the height of the peak at the critical point, as a function of the critical Higgs inflation model parameters. We chose to parametrize the model in terms of the height and width of the peak in the power spectrum (figure 4). The height of the peak relative to the amplitude at CMB scales ( , c) . Then, the relative height of the peak will be inversely proportional to β and will increase with the width N. Fixing β and N, we compute the rest of the parameters as a function of just two (x c , c), which we vary satisfying the 2σ CMB constraints.
We have studied the main CMB observables (the scalar spectral index n s , its running, α s = dn s /d ln k, and the tensor-to-scalar ratio r), as a function of (x c , c), for different heights and widths. We find that, for each β and N, there are many choices of (x c , c) that give rise to valid cosmologies. In order to study the PBH production, we have chosen a reference one, β = 10 −4 , N = 31 and (x c , c) = (0.785, 1.09), for which the CMB parameters are n s = 0.9564, r = 0.042, α s = −0.0014, perfectly within the 2σ limits of Planck 2015 [31] .
We present in figure 5 upon re-entry [27] . Cases with lower N display a better fit to Planck data but cannot generate significant populations of PBHs. The opposite happens for bigger N. The height of the peak can be parametrized by the ratio P R (x max )/P R (x 65 ) of the amplitude of the fluctuations at its maximum, x max , over the amplitude at the inflationary plateau, x 65 . For our choice of parameters the ratio is P R (x max )/P R (x 65 ) = 2.1 × 10 4 .
As in this economical model, the inflaton is the Higgs of the SM, the connection with particle physics is direct, and we can derive the couplings of the model, which will depend on the concrete parameter choice. For instance, we show in colour in figure 5 the values of the nonminimal coupling ξ at CMB scales. For our reference values, we find that λ 0 = 2.69 × 10 −7 , ξ 0 = 9.22, κ 2 μ 2 = 0.118, b λ = 1.1 × 10 −6 and b ξ = 10.9. These values are consistent, within 2σ , with the measured Higgs parameters at the Large Hadron Collider (LHC). Future measurements of the PBH mass spectrum will allow us to determine the SM couplings of the Higgs and their RGE running from the electroweak scale to almost the Planck scale. A detailed analysis of the compatibility of these coefficients with the predictions of the SM non-minimally coupled to gravity requires further work.
It is also interesting to note that this critical Higgs inflation scenario predicts an amplitude of tensor modes that lies within the target range of present and next-generation B-mode experiments. 6 Moreover, the large amplitude of the curvature fluctuations a few e-folds before the end of inflation (figure 4) may induce a significantly inhomogeneous reheating upon re-entry, which could have important consequences for the reheating temperature and possibly also for the production of PBHs and GWs at preheating (e.g. [41] ). In particular, we find that the energy density at the end of inflation is ρ end = 6 × 10 63 GeV 4 and the estimated reheating temperature (for g * = 106.75), T rh = 3.6 × 10 15 GeV, is relatively high, justifying our choice of N = 65 e-folds of inflation.
(a) Production of primordial black holes as dark matter
We use the Press-Schechter formalism of gravitational collapse to compute the probability that a given horizon-sized volume forms a PBH when a large-curvature fluctuation, ζ > ζ c , re-enters the horizon during the radiation era [42] , and not even radiation pressure can prevent collapse, as described in [29] . The mass of the PBH at formation is essentially given (within an order 1 efficiency factor γ ) by the total mass within the horizon at the time of re-entry. In our case, for the large and wide peak in P R (k) at small scales, one finds an approximate lognormal distribution of masses for PBHs,
with a sharp drop at high masses due to the half-dome shape of the peak ( figure 4 ). This characteristic shape also shifts the peak of the mass spectrum to higher values as the PBH mass exponentially depends on the number of e-folds at re-entry. The distribution of PBHs at equality is fully characterized by the physics of inflation, its evolution during radiation domination and the evaporation due to Hawking radiation. We find that, for the range of N ⊂ (25 − 35), PBHs can constitute the total DM at equality, i.e. Ω eq PBH = 0.42, within the uncertainty range of ζ c ∈ (0.05 − 1) [42] , and integrating over the whole mass distribution P(M). For the reference point in parameter space that we have chosen, we used ζ c = 0.051 and γ = 0.4. These values are rough estimates and can vary for different parameter choices of (β, N). The final ratio f PBH = Ω PBH /Ω DM depends very sensitively on these parameters.
From equality to the present times, the mass distribution will shift to higher masses due to merging and accretion. In this critical Higgs inflation scenario, there is a very wide peak in the matter spectrum at small scales. This means that PBHs will cluster in very dense environments, which can significantly increase the frequency of black hole binary (BHB) mergers [24] [25] [26] . In order to exactly determine the mass distribution of PBHs today, one would have to solve the nonlinear evolution with an N-body simulation. Following Chisholm [43] , we estimate the growth in PBH masses by a factor of 5 × 10 9 . In this case, we find that the peak of the lognormal distribution corresponds today to approximately μ PBH 12 M and the lognormal dispersion to σ PBH 0.8. Therefore, DM is dominated today by PBHs with masses in the range of 0.1 to 100 M . As a consequence, the critical Higgs inflation scenario is able to generate the high-mass BHB mergers that have been observed by LIGO [23] . Moreover, this mass distribution passes all observational constraints without difficulty (figure 6).
Conclusion
We have explored the possibility that the SM Higgs, with a non-minimal coupling to gravity, may have acted as the inflaton in the early Universe, and produced all of the present DM from quantum fluctuations that re-entered the horizon as huge curvature perturbations and collapsed to form black holes much before primordial nucleosynthesis. Taking into account the RGE running of both the Higgs self-coupling λ and the non-minimal coupling to gravity ξ , we find regions of parameter space allowed by the SM for which the Higgs inflaton potential acquires a second plateau at smaller scales, around the critical point λ(μ) β λ (μ) = 0. This plateau gives an ultra-SR evolution of the Higgs, inducing a high peak in the curvature power spectrum which is almost flat and very broad, lasting for many e-folds. When those fluctuations re-enter the horizon during the radiation era they collapse to form primordial black holes with very small masses, which grow via accretion and merging into the mass range 0.1-100 M , which could explain the LIGO events [23] , and at the same time evade all of the present constraints on PBHs [44, 45] , owing to their strong clustering. Some of these PBHs may evaporate before equality; the rest will act as seeds for galactic structures [28] and initiate reionization at high redshift [46] . Such a high peak in the matter power spectrum occurs at such small scales that there are no significant constraints coming from large-scale structures. PBHs could explain the missing satellite problem, as well as the large mass-to-light ratios found in dwarf spheroidals [28, 47] , and is not in conflict with Fermi-LAT gamma-ray observations [48, 49] . A possible direct detection could come from microlensing events by Kepler on distant QSO [50] . Alternatively, the stochastic background of GWs from the merging of BHBs in the dense clusters after equality could be detectable by LISA or PTA [51, 52] . Moreover, this critical Higgs inflation scenario also has distinctive inflationary signatures, such as large fluctuations at the end of inflation that may lead to a phase of inhomogeneous reheating. But, more importantly, the PBH-critical Higgs inflation scenario opens a new portal to test fundamental physics above the LHC scale. The RGE running of the SM Higgs couplings, from the electroweak scale to almost the Planck scale, may contribute to our understanding of the stability of the electroweak vacuum and, moreover, to constrain new physics beyond the SM of particle physics.
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